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A b s t r a c t s  

The code DYN3D/M2 c o n s i s t s  of  t h e  3-d imens i lona l  n e u t r o n  k i n e t i c  mode l  o f  t h e  code HEXDYN3D 

and t h e  t h e r m o h y d r a u l i c  model  o f  t h e  codf: fll [JCAL. T l ~ c  r l r !u t ron k i r ~ c t i c s  o f  DYN3D/M2 i s  c a l -  

c u l a t e d  by u s i n g  a  n o d a l  e x p a n s i o n  method (ltlEf.1) f o r  h e x a g o n a l  geomet ry .  The d e v e l c p e d  method 

s o l v e s  t h e  n e u t r o n  d i f f u s i o n  e q u a t i o n  f o r  t w o  ene rgy  g r o u p s .  S t a t i o n a r y  s t a t e  and t r a n s i e n t  

b e h a v i o u r  can  be c a l c u l a t e d .  By h e l p  of  t h e  code PREPAR-EC p a r a m e t e r i z e d  n e u t r o n  p h y s i c a l  

c o n s t a n t s  o f  g i v e n  b u r n u p  d i s t r i b u t i o n  can b e  t r a n s f e r r e d  f r o m  t h e  MAGRU l i b r a r y  t o  an i n -  

p u t  f i l e  o f  OYN3D/M2. The code FLOCAL c o n s i s t i n g  o f  a  two-phase c o o l a n t  f l o w  model ,  a  f u e l  

r o d  model and a  h e a t  t r a n s f e r  r e g i m e  map up t o  s u p e r h e a t e d  s team i s  c o u p l e d  w i t h  n e u t r o n  

k i n e t i c s  by t h e  n e u t r o n  p h y s i c a l  c o n s t a n t s .  One c o o l a n t  c h a n n e l  p e r  f u e l  assembly  and ad-  

d i t i o n a l  h o t  c h a n n e l s  a r e  c o n s i d e r e d .  The a c t i v i t i e s  f o r  code v a l i d a t i o n  and t h e  r a n g e  o f  

a p p l i c a t i o n  a r e  d e s c r i b e d .  

OYN3O/M2 - E I N  RECHENPROGRAMM FUR REAKTIVITATSTRANSIENTEN I N  SPALTZONEN MIT HEXAGDNALER 

GEOMETRIE 

Das Rechenprograrnm DYN3D/M2 b e s t e h t  aus dem 3 - d i m e n s i o n a l e n  n e u t r o n e n k i n e t i s c h e n  M o d e l 1  

des Codes HEXOYN3D und dem t h e r m o h y d r a u l i s c h e n  M o d e l l  des  Codes FLDCAL. C i e  N a ~ t ~ o n e n k l n e -  

t i k  von DYN3D/M2 w i r d  m i t  H i l f e  e i n e r  n o d a l e n  E n t w i c k l u n g s m e t h o d e  (NEM) f u r  h e x a g o n a l e  

Geomet r i e  b e r e c h n e t .  D i e  e n t w i c k e l t e  Methode l o s t  d l e  Neutronendiffuslonsgleichung f u r  

z w e i  Ene rg ieg ruppen .  M i t  H l l f e  des Codes PREPAR-EC werden p a r a m e t r i s i e r t e  n e u t r o n e n p h y s r -  

k a l i s c h e  K o n s t a n t e n  f u r  e i n e  gegebene A b b r a n d v e r t e i l u n g  aus d e r  k lAGRU-B ib l~o thek  a u f  e i n e  

E i n g a b e d a t e i  von DYN3D/M2 g e s c h r i e b e n .  Das Programm FLUCAL, das aus einern Zwe iphasen -S t ro -  

nlungsmodel l ,  e inem B r e n n s t a b m o d e l l  und e l n e r  Ea rmeubergangska r te  b l s  u b e r h l t z t e n  Dampf 

b e s t e h t ,  i s t  m i t  d e r  H e u t r o n e n k i n e t i k  ubec d i e  n e u t r o n e n p h y s l k a l i s c h e n  K o n s t a n t e n  gekop-  

p e l t .  E i n  K i j h l k a n a l  p r o  B r e n n s t o f f k a s s e t t e  u n d  z u s a t z l i c h e  H e l a k a n a l e  werden b e t r a c h t e t .  

D i e  A k t i v i t a t e n  z u r  P r o g r a m m v e r l f i k a t ~ o n  und  d e r  Anwendungsbere ich  werden b e s c h r i e b e n .  
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l. In t roduct ion 

The model o f  the 3 - dimensional t rans ien t  code DYN3D/M2 develo- 

ped f o r  thermal reactors w i th  hexagonal geometry i s  described i n  

t h i s  paper. The code can be used f o r  ca lcu la t ions  o f  r e a c t i v i t y  

i n i t i a t e d  accidents (RI41 o f  VVER - typm reactor  cores. 

I f  we consider moved con t ro l  rods, a more deta i led  analys is  of 

cores i n  comparison t o  po in t  and one - dimensional k i n e t i c  models 

i s  possible by help of t h i s  code, descr ib ing the 3 - dimensional 

e f f ec t s  o f  power release. Furthermore, the in f luence o f  d i f f e r e n t  

changes o f  thermohydraulic proper t ies i n  d i f f e r e n t  assemblies on 

the r e a c t i v i t y  feedback i s  taken i n t o  account. React iv i ty  changes 

induced by d i f f e ren t  changes of coolant i n l e t  temperatures o r  

boron concentrat ions of fue l  assemblies can be invest igated also. 

Several values being important f o r  the safety  margin as 

DNB - r a t i o ,  f ue l  enthalpy, c ladding temperature and degree o f  

ox idat ion are calculated. The t rans ien t  processes i n  the core can 

be invest igated as long as the core geometry i s  maintained. 

The code consis ts  of two parts:  neutron k i n e t i c s  and 

thermohydraulics, the connection of which i s  given by an parame- 

te r ized dependence o f  the constants o f  d i f f u s i o n  equation from 

the thermohydraulic proper t ies f ue l  temperatures, moderator tem- 

peratures, moderator dens i t ies  and boron concentrations. 

The 3 - dimensional neutron k i n e t i c s  based on the so lu t ion  o f  

time dependent d i f f u s i o n  equations f o r  two energy groups i s  t rea- 

ted by using a nodal expansion method (NEM) developed f i r s t l y  f o r  

s tat ionary problems /l/ and extended t o  time dependent problems. 

The methods so lv ing s ta t ionary  and t rans ien t  problem and the 

dependence of neutron group constants are described i n  Chapter 2. 

The thermohydraulic model o f  the core (code FLOCAL) i s  based on a 

two phase flow model f o r  f low regimes up t o  superheated vapour. A 

simple model descr ib ing the f u e l  rod behaviour under t rans ien t  

condi t ions i s  included i n  FLOCAL. A simple cro5s flow model i s  

under tes t ing .  The fundamental approximations o f  equations and 

mathematical methods o f  FLOCAL are given i n  Chapter 3. 
Some work f o r  the va l i da t i on  o f  both pa r t s  neutron k i ne t i c s  and 

thermohydraulics w a s  ca r r i ed  out. Benchmark so lu t ions  and compa- 

r isons w i t h  other codes are used f o r  s ta t ionary  problems. Reacti- 

v i t y  measurements and k i n e t i c  experiments a t  the zero power reac- 

t o r  L A - 0  were compared w i t h  the ca lcu lated r esu l t s  (Chapter 4). 

the va l i da t i on  a c t i v t i e s  o f  FLOCAL  are described i n  Chapter 5. 

These a c t i v i t i e s  invo lve  va l i da t i on  o f  separate e f f e c t  models, 

comparison w i t h  s i m i l a r  codes and benchmark solut ions, c a l c ~ l a t -  

ions t o  R I A  experiments from l i t e r a t u r e  and some s e n s i t i v i t y  

studies. Some remarks t o  the range o f  app l i ca t i on  are given i n  

Chapter 6.  



2. Neutron Flux Calculat ion 

2.1. Stat ionary Case 

The 3-dimensional neutron d i s t r i b u t i o n  i s  ca lcu lated by so lv ing  

the d i f f u s i o n  equation f o r  two energy groups w i th  help o f  a nodal 

expansion method f o r  hexagonal geometry, used f i r s t l y  i n  the 

s ta t ionary  code HEXNOD23 /l/. 
I f  the core consis t ing of  hexagonal f ue l  assemblies i s  d iv ided 

i n t o  a given number o f  s l i ces ,  the nodes a re  the pa r t s  o f  the 

fue l  assemblies i n  each s l i ce .  The neutron group constants are 

assumed t o  be s p a t i a l l y  constant i n  each node n. The s ta t ionary  

d i f f u s i o n  equation can be w r i t t en  i n  the fo l low ing form 

w i th  

Q: 
- neutron f luxes of group g 

C:, X: ,z: - macroscopic removal, absorption and t ransfer  cross 

sections 

v?g - macroscopic f i ss ion  cross sect ions of group g 

mu l t i p l i ed  by the number o f  f i s s i o n  neutrons 

i n  the node n and 

k e f f  - stat ionary eigenvalue 

n 
Using F i ck ' s  law and the d i f f us ion  coe f f i c i en t s  Dg we obtain 

the r e l a t i o n  between the currents Jg and qg 

In tegra t ion  o f  Eq. (2.1) over the node volume V* y i e l ds  the 

nodal balance equations 



wi th  

- i n t e r f ace  between node n and neighbouring node m 

- mean neutron f l u x  o f  group g i n  the node n 

,lngm - mean net  current  of group g a t  the  in te r face  F " ' ~  9 

"9" '  Now the p a r t i a l  currents jg (outgoing) and jmsn 9 (incoming) 
are introduced by 

w i th  the mean f l uxcs  a t  the i n t e r f ace  F"". 

The in te r face  condi t ions o f  d i f f us ion  theory are f u l f i l l e d  i n  a 

i n t eg ra l  sense, i. e. a t  the in te r faces  con t i nu i t y  o f  mean f l uxes  

and net  currents  or  con t i nu i t y  of mean p a r t i a l  currents i n  both 

d i rec t ions  are  required. 

I f  n i s  a node a t  the system boundary and m stands f o r  the outer 

space, the fo l low ing condi t ions are taken i n t o  account 

'c 

w i th  given albedo coe f f i c i en t s  Rggn.  

Using the i n t e g r a l  balance Eqs. (2.3) f o r  so lv ing the problem, we 

need add i t iona l  r e l a t i ons  between mean f luxes and p a r t i a l  

currents j:", j;'", obtained by a approximate so lu t ion  of d i f f u -  

s ion equation i n  the nodes. Considering i n  the fo l lowing any node 

n, we w i l l  omit the index n o f  the node. The p a r t i a l  currents a t  

the s i x  r a d i a l  surfaces o f  the hexagonal prism are signed by 
out i n  out  i n  ou t  in 

Jg,lr jg,i (Fig. 1). jg,u, jg,u and jg,l, jg,l are the p a r t i a l  
currents a t  the upper and lower surface respect ively.  

I n  the appl ied method the space dependence o f  f luxes ins ide  the 

nodes i s  separated i n  the ax i a l  d i r ec t i on  and the hexagonal plane 

Using fo r  y g ( x  , y )  an expansion w i t h  Bessel funct ions and f o r  

f g ( z )  an expansion up t o  the f ou r t h  order, we obtain t h e  



fo l low ing r e l a t i ons  between mean f luxes and mean p a r t i a l  currents  

(see Appendix 4) 

out  
2 6 i,i: i n  

j g , l  =gZ=y~,~ . *@g,  +iZ=l gk=:glg * j g  ,ie 

and 

out  . i n  i n  
jg,u = + C4,g) - a g * ~ g , ~  - bge jg , l  + qg*C3,9 

(2.8)  
out  i n  i n  

jg,l = + - bg-jg,u - aga jg , l  - 9g*C3,g 

The coe f f i c i en t s  and the equations f o r  the c o e f f i c i e n t s  C S , ~  and 

C4, c4 o f  the higher polynomials are described also i n  App. A. By 

means o f  these re lat ions,  the i n t eg ra l  balance equations (2.3) 

and the boundary condi t ions (2.5) the 3-dimensional problem can 

be solved. The numerical problem i s  t reated by an i t e r a t i o n  pro- 

cess cons is t ing  o f  inner and outer  i t e r a t i o n  cycles. F iss ion  

source i t e r a t i o n  w i th  Chebyshev accelerat ion technique i s  appl ied 

f o r  the outer cycle. Due t o  the goad convergence only  few inner  

i t e r a t i o n s  (1 - 3 cycles) are necessary t o  reach a s u f f i c i e n t  

accuracy. During the i t e r a t i o n  process reca lcu la t ions  o f  the 

matr ix elements i n  Eq. (2.7) are necessary, bu t  only few ( 4  - 5 

times) recalcu lat ions are s u f f i c i e n ~ t  by the weak dependency o f  

the elements from the transversal buckl ings and k,ff. 

Nsn-multiplying nodes as r e f l e c t o r  o r  absorber can be described 

e i t he r  by boundary condi t ions o r  by a r t i f i c i a l  assemblies w i t h  

equivalent d i f f u s i on  constants. 



2.2. Time Dependent Case 

Calcu lat ing t rans ien t  processes, w e  must so lve the  time dependent 

neutron d i f f u s i o n  equation inc lud ing  t h e  equations f o r  delayed 

neutrons f o r  a l l  nodes n 

where 
n 

"9 - mean group v e l o c i t i e s  o f  neutrons 
n + 

c j ( r , t )  - densi ty  o f  precursors o f  typ j 
n 

Og j - e f f e c t i v e  f r a c t i o n s  o f  delayed neutrons of  group j f o r  

a qission w i t h  an i nc iden t  neutron of group g i n  the 

node n and 

M - number o f  d i f f e r e n t  precursor groups 

hj - decay constant f o r  precursors o f  group j 

O n e  se t  of decay constants i s  used f o r  the whole core, because 

the decay constants of precursors a r i s i n g  from d i f f e r e n t  f i s s i o -  

nabXe lsatopes a r e  not much d i f f e r e n t ,  I n  thermal reactors  the 

main p a r t  a? prompt and delayed neutrons c o m e s  from f i s s i o n s  by 



thermal neutrons. Therefore a t  the beginning o f  f ue l  cycle a 
s u f f i c i e n t  accuracy o f  time behaviour i s  reached by using on ly  

n 
one set of D g , j ,  which are the e f f e c t i v e  constants o f  the consi -  
dered core. 

Methods published i n  /2/ are applied fo r  so lv ing  the t ime 

dependent equations. In tegrat ing over the nade volume V" we 

obta in the time dependent balance equations o f  the nodes 

w i t h  

i=1,2,. . . . ,M 

n + ~)(t) - mean value o f  precursor densi ty C j ( r , t )  

6n exponential transformation technique known f o r  example f r o m  

/2/ is used f o r  the t i m e  i n tegra t ion  of Eqs (2.11). W e  def ine 

for 

t-AtLt' Lt 

Using an implicite d i f f e rence  scheme w e  replace the time deriva- 

t i v e  of neutron f fuxes i n  Eq. (2.11) by 

d@;(tl 

" I/A~*[(I + R ~ A ~ ) * @ Z ( ~ )  - exp(~**At)*@:(t - ~ t ) ]  (2.14) 
dt 



8" i s  given from the previous t ime step o r  can also determined 

dur ing the i t e r a t i o n  process. 

n Q~suming an exponential behaviour fo r  . P g ( t )  and constant i n  

the i n t e r v a l  at, w e  can approximately i n teg ra te  the equations o f  

precursors 

~ -@xPc - (  h j + n n ) ~ t 1  1 2 
+ *- g ~ ~ , ~ v z ) ~ ( t ) * i : ( t )  

(R" + h j )  k e f f  g-1 

Inser t ing  Eq, (2.14) together w i t h  (2.161 i n  Eqs. (2.11) w e  
n 

obta in an inhomogeneous s ta t i ona ry  equation system f o r  eg ( t ) .  It 
can be solved w i th  help of r e l a t i ons  between p a r t i a l  currents  and 

mean f luxes. Der iv ing these re l a t i ons  f o r  the time dependent 

problem, some approximations are applied. Thus we m a d e  t h e  
assumption, t ha t  i n  Eq. (2.9) the source of delayed neutrons i s  

propor t ional  t o  the prompt f i s s i o n  source / 2 / :  

and the t ime de r i va t i ve  is calcu lated appraxlmately by assuming 

an exponential behaviour w i t h  the R" o f  the  previous time step 

W i t h  these assumptions, Eqs* (2.9) are transfarmed in homogeneous 

equat&ons, which can be t reated s i m i l a r  ta the s ta t ionary  case 

(Appendix A )  and analogous E q s .  ( A 1 2 )  - ( A 1 8 1  and (h231 - (6271 



are obtained. In the code the matrices of Eqs. (R121 are deter- 

mined at the begin of each time step iteration. Similar to the 

stationary case the time step iteration is split in inner and 

outer iteration cycles. The outer iteration differs from the 

homogeneous case by the additional fixed source of Eqs. (2.11). 

Chebyshev scheme is also used for acceleration of outer itera- 

tions. 

Before using this method in the code DYN3D/M2 the neutron 
kinetics code HEXDYN3D and the dynamic code DYN3D/Ml including a 

simple thermohydraulic model was developed. 

2.3. Neutron Physical Constants 

Applying a parameterized or tabular form for the dependence of 

neutron group constants from the thermal quantities fuel tempera- 
n 

ture TP, moderator temperature T;, moderator density $M and the 
n 

mass specific boron acid concentration cg of each node n one can 

calculate the constants of actual thermohydraulic variables. The 

parameterized dependence used in DYN3DIM2 is based on the results 

of the code PREPAR-€C and has for any cross section C of (2.1) or 

the diffusion coefficients D the fallowing form: 

n 
with reference values CO, TM,,, e ~ , ~  and CM,,. By help of the 

code PREPGR-EC an in ut file with the needed constants ETM,,, 
n 'n en *n n 'n "n 

eM,os CB,os Zo, Pc,I, B C , ~ ,  YC,  6 ~ , 1  and 6 ~ , 2 1  of a given 
burnup distribution can be generated from the MGIGRU-EC 

library/3/. 

Calculating the stationary state an iteration between neutron 

flux and thermohydraulic calculation is carried out until a given 

accuracy of the distribution is reached. The eigenvalue keff or 

the boron concentration can be determined for a given power. The 

time behaviour of the group constants is given by changes of 

thermohydraulic properties for describing feedback or explicitly 

by alteration of the typ in the case of moved control rod. Rcgar- 
d i n g  a time step At, the thermohydraulic properties of the last 

step are used for calculation of neutron kinetics. An iteration 

between bath parts of code is also possible. 



3. FLOCAL - the Model f o r  Core Thermohvdraulic Analysis 

3.1. Character is t ics  o f  the FLOCAL Model 

The model f o r  the evaluat ion of core thermohydraulics dur ing 

r e a c t i v i t y - i n i t i a t e d  t rans ien ts  i s  based on fo l low ing pr inc ip les :  

a The core i s  represented by one-dimensional p a r a l l e l  coolant 

channels . Each coolant channel i s  connected t o  a f u e l  

assembly. The channels can be considered as i so la ted  (no 

cross f low i s  taken i n t o  account) o r  a simple approximation 

f o r  the evaluat ion of cross f low between the channels can be 

used. Furthermore , f i c t i v e  hot channels can be considered 

f o r  analyzing the e f f e c t  o f  power peaks , coolant temperatu- 

r e  , flow r a t e  o r  f ue l  parameters uncer ta in t ies.  

B The flow model (one- and two-phase f low) i s  based on four d i f -  

f e r e n t i a l  balance equations f o r  mass , energy and momentum o f  

the mixture and mass balance of the vapour phase. I n  t h i s  way 

a dynamical descr ip t ion  of thermal non-equil ibrium e f f e c t s  i s  

possible. The phase s l i p  i s  taken i n t o  account i n  quasi -s tat ic  

manner by a s l i p  cor re la t ion .  

C The thermohydraulic model i s  closed by cons t i t u t i ve  l a w s  f o r  

one- and two-phase f r i c t i o n a l  pressure drops , evaparation and 

condensation r a t e  , heat t rans fer  coe f f i c i en t s  and thermophysi- 

c a l  proper t ies o f  the phases. 

D For the f u e l  rod the one-dimensional heat conduction equation 

i s  solved. 

I n  the fo l lowing the se t  o f  equations i s  l i s t ed :  

-momentum balance o f  the mixture 

-energy balance o f  the mixture 



-mass balance o f  the mixture 

-mass balance o f  the vapour phase 

-heat conduction equation 

f o r  c ladding o r  fue l  , q - heat source density, 

-equations o f  s t a t e  f o r  the phases 

-cons t i t u t i ve  laws f o r  f r i c t i o n a l  pressure drop apfric/aZ , eva- 

porat ion and condensation r a t e  p , s l i p  r a t i o  5=uV/u1 and 

heat t rans fer  coe f f i c ien t  a from wa l l  t o  coolant. 

h i s  the enthalpy , e the densi ty , U the ve l oc i t y  o f  vapour ( v )  

o r  l i q u i d  ( 1 )  phase , zp i s  the void f rac t i on  and p the pressure . 
Introducing fo l lowing two-phase mixture parameters 

h = xh, + ( l - x ) h l  mixture enthalpy 

E! = Vev + (1-cp)el mixture densi ty (3.7) 

e* = a r p l a x ~ ~ x e l + ( i - ~ ] e ~ ~  vapour mass t ranspor t  

densi ty 
2 2 

VI = X /qev + (1-X) / ( I - q ) e l  inverse densi ty f o r  

momen t u m  t ranspor t  

and tak ing i n t o  account the relation between f lowing q u a l i t y  x 

and void f r a c t i o n  

the equations (3.1) t o  43-41 can be transSarmed i n t o  the conser- 
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va t i ve  formr 

Add i t i ona l l y  , a balance equation fo r  so luble poisson (boron ac id 

concentrat ion) i s  considered: 

cg i s  the mass spec i f i c  boron ac i d  concentrat ion i n  g/kg, 

I n  t h i s  representation the two-phase f low equations correspond t a  

the balance equations fo r  a homogeneous o r  one-phase flaw. I n  
t h i s  way numerical methods fo r  one-phase flow equations can be 

applied. The inhomogeneity of the flow i s  taken i n t o  account by 

the d e f i n i t i o n  o f  e f f ec t i ve  two-phase f low parameters (3.7) what 
leads t o  d i f f e r e n t  e f f e c t i v e  v e l o c i t i e s  f o r  mass , momentum and 

energy t ranspor t  and the add i t i ona l  source term a%/at i n  the 
energy equation . 
E Boundary condi t ions f o r  the core (coolant i n l e t  temperature , 

pressure , pressure drop over the core o r  mass f low ra te  and 

boron ac id  concentrat ion a t  the i n l e t )  determined by the coo- 

l a n t  loops behaviour , must be given as funct ions o f  time i n  

form of a table. Thermal power i s  taken fram the 3D k ine t ics .  

For coolant i n l e t  temperature and boron acid concentrat ion s 
p r o f i l e  over the assemblies can be given. A lower plenum mlxing 

model fo r  the determination o f  t h i s  i n l e t  proPi le  from the 

parameters o f  the primary c i r c u i t  loops based an expe+imental 

inves t iga t ions  f o r  VVER-440 type reactors i s  under prepara- 

t ion. 

The boundary condi t ions f o r  coolant f low can be given i n  f o i -  

lowing options: 

- f low rate f o r  each assembly, 

- pressure drop over the  core ( i t e r a t i v e  est imat ion 05 assembly 

f low rates w i t h  the cond i t i on  0 5  equal pressure drop), 

- tatal mass  f low r a t e  through the care ( i t e r a t i v e  determina- 

t i o n  07 d S o ~  rate d i s t r i b u t i o n  w i t h  the condi t ian o f  equal 

pressure drapl. 



F A simple cross flow model based on the assumption , that no 

radial pressure gradients occur , is available. In the frame of 
this model mass flow rates in each axial node of each assembly 

are determined by the conditions of equal pressure drop over 

all nodes in the plane and given total mass flow rate mtot: 

- 1 mi,k - mi,tot (3.13) 
k 

i - index of axial plane , k - index of coolant channel (assem- 

bly) 
Under steady-state conditions mtot is equal for all axial positi- 

ons , in transient processes the integral mass balance equation 

has to be taken into account: 

In this way the mass flow rate redistribution is evaluated , but 

the energy and momentum transfer by cross flow is not taken into 

account (the balance equations are solved without exchange 

terms). Turbulent mixing is also neglected. 

The method allows a very fast estimaton of cross flow effects 

assuming the cross flow resistance coefficients to be zero , 
while in the approximation of isolated channels they are assumed 

to be infinite. 

3.2. Constitutive Equations in the Thermohydraulic Model 

Single pressure drops can be located at the inlet and the outlet 

of coolant channels and at spacer grids positions. They are 

described by resistance coefficients G .  
The two-phase multiplier for single pressure losses is estimated 

by the homogeneous model: 

GZ 

The friction coefficient for the fuel rod bundle is evaluated by 

a correlation of FILONENKO with a bundle correction , the two- 
phase multiplier for the frictional pressure drop is determined 

by a correlation of USMACKIN ,following literature recommenda- 

tions /4/ .  

p in equation (3.111 describes the evaporatian rate by heat 



s u p p l y  and  c o n d e n s a t i o n  rate i n  s u b c o o l e d  l i q u i d .  A d i a b a t i c  eva- 
p o r a t i o n  d u e  to p r e s s u r e  c h a n g e  is t a k e n  i n t o  a c c o u n t  by t h e  
s e c o n d  soulrce  t e r m  i n  equ.  (3.11). F o r  p  a m o d i f i c a t i o n  o f  t h e  
s u b c o o l e d  b o i l i n g  model by MOLOCNIKOV /9/ is u s e d r  

i 
h1 - "go 

t a n h  (3,5 ) f o r  h l  > hgo 

pevap = x q t t / r  , X = &BO 
(3.16) 

0 f o r  h1 < hgo 

q "  i s  t h e  t h e r m a l  power d e n s i t y  i n  t h e  c o o l a n t  , r is t h e  evapo- 
r a t i o n  h e a t  , hgo t h e  l i q u i d  e n t h a l p y  a t  b o i l i n g  o n s e t ,  &go = 

h s a t  - h ~ ~ =  
The o n s e t  o f  s u b c o o l e d  b o i l i n g  is assumed , when t h e  c l a d d i n g  
s u r f a c e  t e m p e r a t u r e  a p p r o a c h e s  t h e  t r a n s i t i o n  p o i n t  f rom convec-  
t i v e  t o  b o i l i n g  h e a t  t r a n s f e r  , d e t e r m i n e d  by t h e  u s e d  h e a t  
t r a n s f e r  c o r r e l a t i o n s .  The c o n d e n s a t i o n  rate i n  s u b c o o l e d  l i q u i d  
is d e s c r i b e d  by t h e  e x p r e s s i o n  : 

C G i f  3 < p  < 10 MPa, 
f ( G )  = 400 (G/4001 i f  p < 3 MPa, (3.17) 

2000 (G/2000)  p/10 i f  p  > 10 MPA 

H e r e  a m o d i f i c a t i o n  o f  t h e  o r i g i n a l  model is made ( i n  t h e  o r i g i -  
n a l  model F f G )  = G )  , what  i m p r o v e s  t h e  r e s u l t s  i n  compar i son  
w i t h  e x p e r i m e n t s  , e s p e c i a l l y  a t  l o w  and h i g h  p r e s s u r e  v a l u e s  
(see s e c t i o n  5 ) .  
F o r  t h e  c a l c u l a t i o n  o f  t h e  p h a s e  s l i p  ra t io  t h e  c e r r e s p o n d i n g  t o  
t h e  MOLOCNIKOV model s l i p  c o r r e l a t i o n  i s  u s e d  : 

1 / 2  
S = u v / u l  = 1 + ( 0 , 6 + 1 , 5 B ) / F r  O g Z 5 *  ( 1 - P / P c r i t l ~ 1 - e x p ~ - 2 ~ ~ )  1 

f l - ~ l c ? ~  (3.18) 
-1 

R = C l +  3 , F r  is t h e  F r o u d e  number. 
X91 

An irtiportant role i n  t h e  r e a c t i v i t y  t r a n s i e n t  a n a l y s i s  p l a y s  t h e  
heat t r a n f e r  from f u e l  to  c a a f a n t .  I t  affects , on t h e  o n e  hand , 
t h e  Suei temperature , b e i n g  a n  i m p o r t a n t  safety p a r a m e t e r  , and 
influences the n e u t r o n  k i n e t i c s  b e h a v i o u r  v i a  Dapple r  e f f e c t .  O n  



the other hand , heat t ransfer c r i s i s  can occur at the cladding 

surface leading t o  wal l  superheating , what can r e s u l t  i n  

cladding destruct ion. 
The wall-to-coolant heat t ransfer model i n  FLOCQL i s  based on the  

heat t rans fer  l og i c  given by Fig. 3. I n  the  pre-c r is is  reg ion 

standard cor re la t ions  from l i t e r a t u r e  f o r  one-phase l i q u i d  con- 

vect ion , b o i l i n g  heat t ransfer and convective heat t ransfer  i n  

annular f low (regimes 1-31 are used /4/. The occurence o f  boi-  

l i n g  c r i s i s  i n  low and high qua l i t y  region is establ ished by 

several co r re la t i ons  (OKB -2 /6/,IAE - 4 / 7 /  o r  BIASI /8 /  f o r  

burnout , DOROSHCHUK - NIGMATULIN /9/ f o r  dryout) .  

I n  /7/ a dynamical correct ion of the c r i t i c a l  heat f l u x  f o r  

t rans ien t  processes i s  proposed in t roducing the re tardat ion  ef- 

f e c t  i n  heat f l u x  i n teg ra l s  , which occur i n  the CHF - c o r r e l a t i -  

ons : 

H(z) = J q W ( z ' , t  - ) / q " ( z ' , t )  dz '  

0 
W 

To avoid the r e l a t i v e  expensive numerical ca l cu la t i on  o f  the  

retarded heat f l u x  i n teg ra l s  , an ana l y t i ca l  est imat ion o f  the  

re ta rda t ion  e f f e c t  i s  made , assuming an exponential change o f  

heat f l u x  i n  t ime w i th  constant spa t i a l  shape. This dynamical 

cor rec t ion  can be applied t o  the BIASI - and IAE-4 corre lat ions.  

The t r a n s i t i o n  b o i l i n g  region (regime 4) i s  described by the  

KIRCHNER and GRIFFITH in te rpo la t i on  f o r  the heat f l u x  q" /10/: 

qWcrit is the c r i t i c a l  heat f l u x .  

The minimum s tab le  f i l m  b o i l i n g  po i n t  (Le idenfrost  - temperature 

T M F ~ ~ )  is determined by a co r re la t i on  based on experimental re- 

sults from l i t e r a t u r e  / I T / :  

In the  s tab le  pas t -c r is is  regian ( inver ted  annular f low o r  dis- 

persed f l o w  regimes 5/61 the heat t rans fe r  c o e f f i c i e n t  i s  de- 

termined as the maximum af  the MIROPDLSKLJ and modified BROMLEY 

carrelation . 



The effect of subcooling due to thermal non-equilibrium is taken 
into account by following correction factor to the post-crisis 

heat transfer coefficient: 

After full evaporation of coolant , heat transfer to superheated 

steam is estimated by a forced convection correlation (regime 7). 

The described heat transfer model allows the extension of thermo- 

hydraulic calculations beyond the DNB-limit and the estimation of 

wall temperatures in the post-crisis region. 

3.3. Fuel Rod Model 

For the evaluation of fuel and cladding temperatures tha one- 
dimensional heat conduction equation in cylindrical 

geometry (3.5) is solved. 

Thermal conductivity of fuel hf and cladding Acl can be constant 

or depending from temperature. 

Gas gap between fuel and cladding plays an important role in the 
heat transfer behaviour. By this reason a simple deterministic 

gas gap model for short-time processes was implemented and can be 
used as an option. In the frame of this model the heat CransQer 

components by conduction through the filling gas , radiation and 
conduction in the case of fuel-cladding contact are taken into 
account.The modeling of this heat transfer components is similar 

as in typical fuel rod behaviour codes (GAPCON-THERMAL ,SSYST), 
The input information for the gas gap conductance model (cald gap 

width and gas pressure , gas composilion) has to be got from 

detailed fuel rod analysis codes like STOFFEL /12/. 
The model for the gap behaviour involves a simple modsling of 

cladding mechanics in membrane approximation including 
-the determination of thermal and elastic deformations, 

-the estimation of plastic deformations of the cladding , when 
the stress exceeds the yield point. 

Plastic deformation can significantly influence the heat transfer 
behaviour in the high temperature reqion, In t h e  typical $ 0 ~  

reactivity accident+ situation when the outer pressure (coolant 

pressure) exceeds the inner gas pressure , plastic deformation 
leads to the closure of the gap and to intensification of heat 
transfer to the coolank. 
Further , the metal-waker reaction in high temperature region is 

Consfdered, The additional heat source $ram this reaction is 

taken i n t o  actaunt and &he oxide layer thickness D is estimated 



on the basis o f  the equation: 

D*dD/dt = & / c 2 - e x p ( - ~ / ~ )  

where T i s  the w a l l  surface temperature and Q , B , C  are constants. 

The evaluat ion of cladding temperature , cladding s t ress  and 

degree o f  c ladding ox idat ion together w i th  fue l  enthalpy value at 

each ax i a l  pos i t i on  of the rod gives the p o s s i b i l i t y  o f  fue l  rod 

f a i l u r e  estimation. 

3.4 Numerical Methods and I t e r a t i v e  Procedures i n  FLOCAL 

I n  the fo l low ing a b r i e f  charac ter is t i c  of t he  numerical methods 

f o r  so lv ing the basic equations of the thermohydraulic model w i l l  

be given. 
The equations f o r  energy balance (3.9) , vapour mass balance 

(3.11) and so lub le  poisson (3.12) are given i n  the conservative 

form : 

That 's why the method of charac ter is t i cs  w i t h  l i nea r  i n t e r p a l a t i -  

on between the mesh po in ts  can be used : 

c i s  here the Courant parameter c = uAt/Az , n = time step index , 
i = mesh po in t  index. 

The f i n i t e  d i f f e rence  representation o f  the momentum balance 

equation (3.8) i s  i m p l i c i t  w i th  quas i - l inear iza t ion  of  the qua- 

d r a t i c  terms : 

Together w i t h  the i m p l i c i t  f i n i t e  d i f f e rence  representation of 

the mass balance equation (3.10) i t  performs a system o f  l i n e a r  

algebraic equations 



which i s  solved in t roducing the R i c a t t i  transformation 

I n  t h i s  way a simultaneous determination o f  pressure and mass 

ve l oc i t y  d i s t r i b u t i o n  f o r  p a r a l l e l  channels w i th  pressure drop o r  

i n l e t  mass f low r a t e  boundary condi t ions i s  possible. I n  the case 

o f  given t o t a l  mass f low r a t e  through the core an add i t i ona l  

i t e r a t i o n  leve l  i s  necessary. Pressure drop over the channels i s  

corrected i n  the way : 

rntpt,o i s  the given t o t a l  mass f low r a t e  a t  the core i n l e t  , j i s  

the i t e r a t i o n  number and 8 a re laxat ion  parameter (usua l ly  0,s < 
e < l ) ,  

A k  - f low cross sect ion of the assembly (channel) number k. 

When cross f low i s  taken i n t o  account , the mass v e l o c i t i e s  are 

corrected by fo l lowing procedure : 

i - index of ax ia l  mesh po in t  , k - index  o f  coolant channel , 
m - number o f  i t e r a t i o n  , Api,k = pi,k - pi+l,k the t o t a l  mass 

flow r a t e  a t  the levez i i s  determined by equatidn 13.14)- 

Pressure d i s t r i b u t i o n  is obtained from equation ( 3 * 2 3 ) .  
This i t e r a t i o n  procedure is repeated until the conditban 

< EPS w i t h  APi =1/NK 1 &pi,k (3.30) 
k 

is s a t i s S g ~ d ,  fn this May t h e  cond i t ions  (3.13) fo r  crass f l o w  

w i t h  &prrdas Q are fu3Qilled. 
It can be emphasised , that  the i t e r a t i o n  procedure far the cross 



f low case i s  as f a s t  as fo r  the case of insulated channels. 

The heat conduction equation (3 .5 )  i s  d i s c re t i z i sed  in t roducing 

e f f ec t i ve  heat t rans fer  coe f f i c ien ts  between r a d i a l  f ue l  zones 

and t o  the cladding. This coe f f i c ien ts  are determined from the 

exact ana l y t i ca l  so lu t i on  of the steady-state equation w i t h  
piecewise constant heat conduct iv i ty .  I n  t h i s  way a good accuracy 

already f o r  a  few f ue l  zones i s  reached. I n  the case of temper- 

a tu re  dependent heat conduct iv i ty  an i t e r a t i v e  so lu t i on  of the 

heat conduction equation i s  necessary. For the t ime dependence 

the CRANK- NICOLSON-scheme i s  used. 

I t e r a t i v e  procedures are a lso  necessary f o r  the determination o f  

the heat t rans fer  c o e f f i c i e n t  i n  the pos t - c r i t i ca l  region (depen- 

dence from cladding surface temperature) and the vo id f r a c t i o n  

(dependence o f  the condensation-rate from v ) .  
A f t e r  the so lu t i on  of the heat conduction equation f o r  the fue l  

rod  (using heat f luxes  a t  the claddling surface from previous t ime 

s tep)  the heat t rans fer  package is ca l led  and new heat t rans fe r  

c o e f f i c i e n t s  and heat f luxes are dletermined. For the l i m i t a t i o n  

o f  heat f l u x  change ra tes  per tims step a t ime step cont ro l  pro- 

cedure i s  used, 

4. Ve r i f i ca t i on  o f  Neutron Flux Calculat ion Par t  

Some work ca r r i ed  au t  on t h i s  f i e l d  was and w i l l  be published. 

Therefore i t  i s  mentioned here only. Fol lowing ca lcu la t ions  were 

performed: 

A 2 - dimensional s ta t ionary  f l u x  ca lcu la t i ons  were compared w i t h  

benchmark so lu t ions  f o r  the reactor  VVER-440 /l/. The accuracy 

of the used methold i s  i n  the order o f  0.05 % dev iat ion o f  the 

eigenvalue and 1.6 % maximal dev iat ion o f  assembly power. 

B 3 - dimensional s ta t ionary  r esu l t s  could be compared only w i t h  

other  codes, because a benchmark so lu t i on  does'nt e x i s t  u n t i l  

now. A good accuracy crf the code ican be assumed f o r  examples o f  

YVER-440 /1/ and VVER-1000 /13/. 

C Measured r e a c t i v i t y  weights o f  VVER-440 are  compared w i t h  

ca l cu l a t i on  o f  the s ta t ionary  code HEXNOD23 i n  Table I .  We see 

t ha t  the r e s u l t s  5f ~ a l t u l a t i ~ n s  are i n  the range o f  

experimental accuracy. 

I n  F i g ,  2 the c r i t i c a l  boron concentrat ions i n  dependence from 

the pos i t i ons  o f  absorber bank K& is shown f o r  experiments a t  

hat zero power ca~ r r i ed  ou t  a t  u n i t  5 of NPP Greifswald (GDR). 

The measured boron concantrat ion is a little higher i n  compari- 

son to  the averaged curve Prom experiments a t  several u n i t s  



VVER-440 i n  CMEA countries. The ca lcu la t i ons  performed w i t h  

data from MAGRU l i b r a r y  131, underestimate the absorber weight, 

because i t  m u s t  be assumed t ha t  the cross sect ion o f  absorber 

assemblies describes the r e a c t i v i t y  weight inaccurate, i f  d i f -  

fusion theory i s  used (Fig. 2). Equivalent constants based on 

f l u x  behaviour near t o  the absorber boundary gives probably 

be t te r  resu l t s .  Here the absorption cross sect ion was adjusted 

t o  descr ibe the r e a c t i v i t y  weight i n  agreement w i t h  measure- 

ments, A s  can be seen a lso  i n  F ig.  2, the deviat ions t o  experi- 

ments are  smaller. I f  w e  compare ca lcu la t ions  and measurement, 

we m u s t  no t i ce  tha t  the boron concentrat ion i s  measured w i t h  

the accuracy o f  0.15 g/kg. 

D K ine t i c  experiments a t  the zero power reactor  were used f o r  

v e r i f i c a t i o n  o f  neutron k i n e t i c  part .  Results o f  comparison f o r  

5 representat ive measurements of 9 experiments dur ing the 

'3 stages o f  the years 1986,1987 and 1988 are given i n  /14/. 

Reac t i v i t i e s  and time behaviour o f  detector  ra tes  a t  several i n  

core pos i t i ons  were compared w i t h  r e s u l t s  o f  DYNSD/Ml, Par ts  of 

the comparisons are a lso  given i n  /15,16,17,18,19/. 

5. Va l ida t ion  o f  the FLOCAL Model 

For the FLOCAL model va l i da t ion  fo l lowing a c t i v i t i e s  are ca r r i ed  

out: 

A va l i da t i on  o f  separate-effect-models w i t h  steady-state experi- 

mental r e s u l t s  , p a r t i c u l a r l y  

- ve r i f i ca t i on  and modi f icat ion o f  the used subcmoled b o i l i n g  

model by MOLOCHNIKDV / 5 / ,  

-ca lcu la t ion  of c r i t i c a l  heat f l u x  experiments i n  tubes and rod  

bundles /20,21,22/, 

-comparison w i t h  wa l l  temperature measurements in the post- 

c r i s i s  reg ion /20/. 

The Figures 4 and 5 show some r e ~ u l ~ s  of subcaoled b o i l i n g  

ca lcu la t i ons  in comparison w i t h  experimental data f r b m  l i t e r a -  

t u re  /23/ and demonstrate the improving e f fec t  of the b o i l i n g  

m ~ d e l  mddi f icat ion made. Fig. 6 shows an example far  wa i l  tem- 

perature ca lcu la t i on  f o r  the BENNETT experiments , mentioned 

i n  /20/, For -tube geometry the BIAS3 c r r i t i c a l  heat f l u x  corre- 

l a t i o n  g ives  the best p red ic t i on  o f  b o i l i n g  c r i s i s  onset. the 

WIIRDPOLSKXJ heat t rans fer  co r re l a t i on  gives satisfactory 

relsults far p o s t - c r i t i c a l  wal l temperakures, 

8 Cornparisan with other codes 

Comparison w i i t h  s i m i l a r  codes  ere c iarr l@d out an 50me test 

cases simufa&ing Ja+s-of-flow candi t ions and power excursions. 



Fig. 7 shows the results of an international brnchmark problem 

involving a transilent initiated by instantaneous application of 

a uniform heat source to a section of a 7 m long pipe / 2 6 / ,  

obtained by the benchmark code HECA and FLOCAL. The code MECA 

includes pressure wave propagation which is not considered in 

FLOCAL . 
For the cross flow model comparisons with exact solutions for 

sample problems /24/ were done. It was seen , that the effect 

of flow diversion from hot to cool channels is underestimated 

by the FLOCAL model , but a rough estimation of cross flow 

effects in comparison with the approximation of isolated chan- 

nels is possible. T h e  outlet vapour mass fraction of the hot- 

test channel is 18.4 % for the exact solution, 16 % for FLOCAL 

and 34.6 X for isolated channels. FLDCAL results were also 

compared with calculations for a loss of main pump power tran- 

sient for a VVER-440 , carried out by the help of code COBSOF, 

which is a modified version of the code COBRA-IIIC/25/. While 

CDBSOF gives a minimum DNB-ratio for the hottest rod during the 

transient of 2.80, the FLOCAL values are 2.85 taking into ac- 

count crossflow and 2.60 without cross flow. Here the same CHF- 

correlation is used (OKB without formfactor). Investigations 

have shown that model uncertainties (use of several CHF-correl- 

ations, gas gap heat transfer modeling) exceed the cross flow 

effect significantly , when the differences in thermal conditi- 
ons for several coolant channels are not very large. 

C Calculations to RIG experiments from literature 

Calculations to fuel rod behaviour during fast power excursions 

play an important role in the verification of a thermohydraulic 

model for reactivity-initiated transients analysis. Fig. 8 

shows calculated temperature curves obtained by FLOCAL in com- 

parison with results from RIA experiments /27/. In the experi- 

ments the influence of subcooling on wall temperature behaviour 

was investigated. The calculational results agree fairly well 

with the experimental data , with the exception of a coolant 

subcoolinq of 80 K. In this case the experimental wall tempera- 

tures are remarkably underestimated by FLOCAL. Calculations for 

another RIA experiment /28/ with a coolant subcooling of 80 K 
show a better qualitative agreement with the measured wall 

temperature behaviour [see Fig, 9). This discrepancies could 

not be removed by some variations of the heat transfer model. 

W e  see that on the basis of the contradictory results for the 
considered experiments no unambiguous recommendation for one of 

the investigated heat transfer models can be given. Further 

work has to be done in this direction. 



D S e n s i t i v i t y  s tudies 

For i nves t iga t ion  o f  the in f luence o f  model uncer ta in t ies  some 

s e n s i t i v i t y  studies on t e s t  cas-s were ca r r i ed  out . I n  t h i s  

studies gas gap model and pos t -c r is is  heat t ransfer  model were 

varied. One o f  these t e s t  cases was EXKURS-F , an idea l ized 

example f o r  a power pulse a t  VVER-conditions. I n  t h i s  t e s t  case 

a power peak o f  var iab le  r e l a t i v e  he ig th  F and h a l f - l i f e  t ime 

0,4 s s t a r t i n g  from normal s ta t ionary  s t a t e  a t  burn-up A i s  

assumed. The inpu t  data f o r  the gas gap model f o r  several va- 

lues of 4 were obtained from the code STOFFEL /12/. A s  a r e s u l t  

of t h i s  inves t iga t ions  fo l lowing conclusions were pointed out: 

-The use o f  d i f f e r e n t  c r i t i c a l  heat f l u x  cor re la t ions  gives no 

s i g n i f i c a n t  d i f ferences f o r  the considered process, because 

the heat t rans fe r  c r i s i s  occurs very fas t .  

-The discrepancies between several non-equil ibrium cor rec t ions  

o f  the pos t -c r is is  heat t rans fer  c o e f f i c i e n t  are no t  so la rge  

f o r  power reactor  condi t ions (h igh  pressures , low o r  medium 

subcooling) as f o r  the R I A  experiments condi t ions ( low 

pressure). Differences between maximum cladding temperature 

values ca lcu lated by the help o f  several invest igated models 

are lower than 75 K. 

-The choice o f  Leidenfrost  po in t  co r re la t i on  is o f  s i g n i f i c a n t  

inf luence. The used co r re la t i on  (3.21) gives conservative 

r esu l t s  i n  comparison w i t h  the other invest igated models. The 

d i f ferences i n  time u n t i l  rewet t ing due t o  d iq ferent  

Leidenfrost  po in ts  cause d i f fe rences in oxide layer thickness 

up t o  100 % (between 19 and 38 pm). 

-An underestimation o f  the gas gap conductance is not  necrssa- 

r i l y  conservative. I t  causes higher f u e l  center l ine  temparatu- 

res , but  a less extent o f  b o i l i n g  c r i s i s  and lower cladding 

temperatures. P l as t i c  deformation o f  cladding i n  the h igh tem- 
l 

perature region leads t o  i n t e n s i f i c a t i o n  o f  the heat t rans fer  

by closure o f  the gas gap. 
I -The model i s  able t o  p red ic t  q u a l i t a t i v e l y  the fue l  rod f a i l u -  

re. The calcu lated f a i l u r e  l i m i t s  f o r  the t e s t  case EXKURS 

agree w i t h  c r i t e r i a  given i n  /29/ ( f u e l  rod f a i l u r e  at f ue l  
enthalpy values h 3 250 ca l /g  f a r  f resh  f ue l  , decrease o f  this 

l i m i t  ta fl R, 100 c a l f g  f o r  depleted f ue l  w i th  A = 2 3 0 0 0  MWd/t U) .  

Some results o f  the t e s t  case t a l c u l a t i o n  are shown i n  

I Table 14, 
The results aQ the described first va l i da t i on  a c t i v i t i e s  f o r  

t h e  thermehydraullc rnaduge FLQCAL demonstrate the  a p p l i c a b i l i t y  



of  the  code f o r  r e a c t i v i t y - i n i t i a t e d  t rans ients  analys is  , but  

a l so  show the need o f  fu r the r  model improvements. 

6. Ranae o f  Q o ~ l i c a t i o n  

The range of app l ica t ion  of the code DYN3D/M2 i s  given by 

fo l l ow ing  character is t ics :  

- ca lcu la t ions  o f  r e a c t i v i t y  t rans ien ts  can be ca r r i ed  out by 

assuming i n t a c t  core geometry 

- determination o f  the s ta t ionary  s ta te  

- r e a c t i v i t y  changes can be induced by 

motion o f  cont ro l  rods 

changes o f  i n l e t  coolant temperatures o f  f ue l  assemblies o r  

coolant f low r a t e  - changes o f  boron concentrat ion 

- depending on the core symmetriy during the t rans ien t  process 

ca lcu la t i ons  w i th  30 degree re f l ec t i ona l ,  60 degree r o t a t i o -  

na l ,  120 degree ro ta t i ona l ,  180 degree r e f l e c t i o n a l  ( 2  types) 

symmetries and f o r  the whole core are possible. 

- i n l e t  coolant temperatures of fue l  assemblies, mass f low r a t e  

o r  pressure drop and system pressure must be given (constant 

o r  as funct ions o f  t ime) 

- a l i m i t  f o r  the fue l  rod model is fuel  o r  c ladding melt ing 

- the thermohydraulics works from one phase l i q u i d  f low up t o  

superheated steam ( f l ow  reversal  can ' t  be t reated a t  present) 

The code was applied t o  a rod e jec t i on  accident a t  a VVER-1000 

reference core/ l9 / .  Regarding a feedback induced r e a c t i v i t y  t ran- 

s i e n t  dur ing a LOCA o f  VVER-440 a t  hot zero power the dependence 

o f  feedback r e a c t i v i t i e s  from the thermohydraulic s t a t e  w a s  ca l -  

cu la ted  w i t h  the s ta t ionary  pa r t  o f  t h i s  code. The obtained reac- 

t i v i t y  behaviour was used f o r  the po i n t  model o f  code 

RELAP4/MOD6/30/. 



Ao~endix A: 

Inner Nodal Relations 

With help of the assumption 

and the normalizations 

with 

FHEX - area of the hexagonal assemblies 
Az - height of node 
one obtains by inserting in the neutron diffusion equations (2.1) 

and integration over Az the following 2-dimensional diffusion 

equation 

where 

The transversal bucklings are calculated from the mean partial 

currents by 

I 
2 out - in out - in 

=)gBf 9 9  - AZ *Qg g ,  jg,l * Jg,u Jq,u)  



W e  de f ine  

where p(x,y) i s  a so lu t ion  o f  the 2-dimensional Hclmholtz equa- 

t i o n  

I nse r t i ng  assumption (A61 w i t h  Eq. (47) i n  Eqs. (A31, w e  f i n d  two 

values o f  buck l inps by solv ing the corresponding quadrat ic 

equation. Xg(x,y) can be composed by the two so lu t ions  f o r  funda- 
2 

mental (index F)  and t rans ien t  (index T )  buckl ings B . 

T h e  r e l a t i ons  between e z , ~ / e l , ~  and e 2 , ~ / e l , ~  are given by 

2 2 if i s  replaced by the corresponding values BF o r  BT. 

In t roducing polar co-ordinates ( r , ~ )  we can expand the 

so lu t i ons  of the Helmholtz equation i n  a ser ies o f  Bessel 

funct ions 

2 
f o r  BF 2 0 

2 2 1/2 f o r  BT < 0 and BT = (-ET 

where J1 are the Bessel funct ions of f i r s t  k ind  and 11 the modi-- 
2 f l e d  Bessel functions /31/. Here w e  assumed BF > 0 and B: 0 ,  

bu t  i n  the general case t ha t  i s  no t  necessary and 
the typ ;f 

Bessel functions depends only  from the corresponding value of B . 
Inse r t i ng  the expansions (410) i n  the Eq. ( A B ) ,  w e  can determinle 

F T 
the co@f f i c ien ts  Go and A* from the mean nodal f luxes  ag, prov i -  

ding t ha t  w e  in tegra te  instead over the area o f  hexagon approxi- 



mately over the cyc le  w i th  the mean radius F ,  defined by 

( A l l )  

The next lowest coe f f i c ien ts  o f  the expansion are determined by 
i n  

the 6 incoming p a r t i a l  currents jg,i a t  the 6 surfaces o f  hexagon 

F i g .  l Calculat ing the mean values o f  p a r t i a l  currents  on the 

re lated face, we in tegra te  i n  the expansions, derived from 

Eqs. ( A l O )  f o r  the p a r t i a l  currents, a lso  over the mean radius F. 
Besides A. the coef f i c ien ts  AI, A 2 ,  A 6 ,  Cl, C2 and C 3  g ive  li- 

nearly independent contr ibut ions t o  the incoming currents. There- 

fo re  these coe f f i c i en t s  o f  fundamental and t rans ient  p a r t  can be 

expressed by the incoming currents. A f te r  t ha t  the coe f f i c i en t s  
ou t  

can be used f o r  the expressions o f  outgoing p a r t i a l  currents  jg,= 

and one obtains a f t e r  troublesome calculat ions, being no t  

demonstrated here, the wanted r e l a t i ons  (2.7) 

w i th  

and €F = e z , ~ / e l , ~  and 6~ = = l ,T /e2 ,~=  
2 2 

I f  f o r  example BF > 0 and BT < 0 i s  assumed, we obtain 

HF = ( B F ~  ) ~ J ~ ( B ~ ' ) / J ~ ( B ~ F I  

and 

HT ( B ~ ~ ) * I ~ ( B T ' ) / I ~ ( B ~ ' )  

i,i' 
Considering the W g , g r  regarding the ind izes i,i' as matrices 



{Wg,g,3, we can write 

In consequence of the hexagonal symmetry the matrices consist 

in four different elements only, given by 

1 2 3 
Rgge = l/&( 2Kgga + 2KggS + Kgge - 8qg, 

1 
SggS = l/&( KggS 

2 - KggS - Kgg, - S g g . )  

1 2 3 
Tgg. = l/&( -Kgg. - Kgg. + Kgg' - sgg. ) 

1 2 3 
UggS = l/&(-2Kgg* + 2Kgg* - Kggs - Sgg 

and 

where 

and 6 g g r  - Kroneckers symbol 
The same relations are obtained also for the transient terms. In 

the case of B' 0 the ordinary Bessel functions 3 1  must be 

replaced by the modified functions 1 1 .  
Now the required relations between mean partial currents and 

fluxes of the 2-dimensional hexagonal problem are found and we 

regard the axial problem. The equations are obtained after inser- 

tion of (2.6) in Eqs. (2.1) with (2.2) and integrations over the 



area o f  hexagons FHEX. 

w i t h  

and the t ransversa l  buckl ing5 

where d is the d is tance o f  p a r a l l e l  s i des  o f  hexagons. 

The equations w i l l  be t rea ted  w i t h  methods s i m i l a r  t o  those 

used f o r  rec tangular  geometry /2/. The neutron f l u x  hg(z) i s  

expanded i n  polynomials up t o  the 4th order  

where 

z 1  and zu a re  the axial co-ordinates a t  the lawer and upper boun- 

dary. With he lp  o f  Fick's law Eq. ( 2 )  f o r  the ne t  cu r ren ts  a t  

l o w e r  and upper surface o f  node and 



we obtain the relations (2.81 between partial currents and m e a n  

f luxes 

with 

xg = Dg/Az 

By weigthing the Eq. (A191 by 41 and 42 and integrating over 
Az algebraic equations' for the! higher coefficient C S , ~  

2 
(all+60D1/Az )*C3,1 + al2*C3,2 = - s/6CallEhl(zu)-hl(zl)1 

+ a12Ch2(zu)-h21z1)33 

(F1251 
2 

a21*C3,1 + (a22+40D2/Az )*C3,2 = - 5/a<a21Chl(zu)-hl(zl)1 

+ a22Eh2(zu)-h2(z1)13 



and similar f o r  C4,g 

w i t h  

are given. 
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Table I : Reactivity ( 2 )  of control rod banks of 
VVER-440 rcac tor 

Table 1 1  : Results of investigation of the power pulse test 
case EXKURS by FLOCAL 

fuel rod 
b@havicaur 

and ciadding 

fuel--c ladding 

F = h e i g h t  of p o w e r  pulse relative to stationary s t a t e  

R = barnup i n  104 MWd/t  U 



F i g .  1: Hexagon with partial c u r r e n t s  and polar 

co-ordinate  system 

, in 
L 
rC-- 

j out 

ouf 
'9.1 



Fig. 2 : VVER*. CIE - c o m ~ o n  of critical states 
(zero power temperature T = 260 deg c) 



T 
sat 

I 
MSFB 

1 one-phase liquid convection 
2 boiling heat transfer 
3 convection in annular flow 
4 transition boi i ing 

5,6 film boiling 
(inverted annular or dispersed flow) 

7 convection to superheated steam 

Fig.3: Heat transfer logic 







T,[K p =6,9 MPa 

F i q ,  5 FLDCAL calcuiations to post-crlsas heat transier 

experiments DY BENNETT 

Boiiinq crlsls onset determined b~ severai correlations IS narKed 

-Jn t h e  :c - axis , iemoeratures were obtained usxng heat t ~ d n ~ r e r  

coerf i c l c n  ts by 

? - L - TqIROPOLSKIG , - GROENEVELD 



FLOCAL 

--- MECA 

F i g .  7 FLOCAL r e s u l t s  (rnass.flow rate & )  for a benchmark problem 

i n v o l v i n g  a t r a n s i e n t  i n i t i a t e d  by  i n s t a n t a n e o u s  h e a t   upc cl>^ 

to a s e c t i o n  o f  a p i p e  /26/ 

X X x exit flaw r a t e  

o b o inlet f l a w  r a t e  





-d- Exper iment  + Calculation IAE 

* Calculatio~n FLOCAL 

Fig.9 Results for a RIA experiment at the 
IGR facility , subcooling T = 80 K, 
E = 360 cal/g , = 300 ms 
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